This paper highlights for a class of chemical products, the design process, their design with respect to the important issues, the need for appropriate tools and finally, lists some of the challenges and opportunities for the process systems engineering (PSE)/computer-aided process engineering (CAPE) community. The chemical products considered belong to the following types: chemical/biochemical/agrochemical products, coatings and solvents, food (nutraceuticals), HI&I (household, industrial and institutional), personal care, pharmaceuticals and drugs. The challenges and opportunities are highlighted in terms of the needs for multi-level modeling with emphasis on property models that are suitable for computer-aided applications, flexible solution strategies that are able to solve a large range of chemical product design problems and finally, a systems chemical product design framework with the overall objective to reduce the time and cost to market a new or improved product.
Introduction
The way we manage our valuable natural resources, design industrial products and processes, safeguard human health, grow our food is undoubtedly influenced by how we use our material resources. In order to achieve a sustainable development, much progress is needed in the application of science for the identification, design and development of appropriate products and processes that will produce them. To make progress, we need to incorporate the idea that technologies employed for the manufacturing and processing of our current and future products such as chemicals, materials, food, drug, etc., must involve minimum resource utilization and environmental impact together with optimum "desired" product quality and efficient, cost effective production and marketing.
As resources decrease and demand for products in terms of quantity as well as quality increase, we continually face the question -which of our current products should be replaced, and which products are we going to need for the future? These questions can be addressed through the formulation and solution of product design problems. According to Cussler and Moggridge (2001) , chemical product design is the procedure consisting of defining what we need, generating ideas to meet this need, screening and selecting the best of the ideas and finally, deciding what the product should look like and how it should be manufactured.
In (chemical) product design, we try to find a (chemical) product that exhibits certain desirable or specified behavior. In another type of (chemical) product design, we try to find an additive that when added to another chemical or non-chemical product, enhances its (desirable) functional properties. This type of products is commonly known as formulations. That is, in (chemical) product design, we do not know the identity of the final product but we have some idea of how we want it to behave and the problem is to find the most appropriate chemical(s) that will exhibit and/or cause the desired behavior. Once we have identified the product, and have tested it, we need to determine if it can also be manufactured. That is, we need to design a (chemical) process through which we can manufacture the desired product with profit, increased operational efficiency and positive
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matrices containing fixed data in constraint defined by Eq. (7) C T cost data associated to a process-product alternative (see Eq.
(1)) CAMD computer-aided molecular design CAM b D computer-aided mixture/blend design CAPD computer-aided product design CAPE computer-aided process engineering 3D three-dimensional f (x) term in objective function related to process variables g 1 ,g 2 constraints defined by Eqs. (5) and (6), respectively G f Gibbs energy of formation at 298 K h 1 ,h 2 , constraints defined by Eqs. (2)- (4) environmental impact. Before we can do this, however, we also need to determine the likely raw materials (which could also be other chemical products) that can be processed in order to manufacture the desired product. This in a way is similar to the various stages of the process lifecycle (Okada & Shirao, 2002) , or alternatively, an extended process design problem. That is, we extend the problem boundary at the start by determining the product that we would like to manufacture and we extend the problem boundary at the end in order to analyze the effect of the product and its manufacture on the environment.
The objective of this paper is to highlight the principal issues and needs for a class of product design problems and the challenges and opportunities for the PSE/CAPE community with respect to developing methods and tools that can contribute positively towards their solution. Chemical products representing structured products, chemical, agrochemical and biochemical products where the corresponding processing routes have importance, and chemically formulated products are considered in this paper. Finally, a clarification for the reader -the discussion on chemical products does not attempt to include all aspects but only those that are viewed by the author as important within the context of this paper. More emphasis is given in this paper to aspects of defining the needs, generation of alternatives, and screening/selecting/testing of the chemical product than on issues related to the manufacturing of the product through an appropriate process. Aspects related to the simultaneous solution of some product-process design problems are, however, discussed. Also, the challenges and opportunities highlighted in the paper only relate to those that are viewed by the author as interesting within the context of the paper. A more detailed discussion on specific topics related to chemical product design can be found in the referenced books and articles.
Types of chemical products
In this paper, the term "chemical products" is used to represent the following: structured products where the micro structural properties are related to the desired product functions (such as polymers, polymer surfactants and other materials with desired properties), chemical, agrochemical and biochemical products where the corresponding processing routes play an important role together with the product properties (such as new environmentally benign solvents, refrigerants and fluids acting as reactive agents or additives) and formulations where the functional properties of products are further enhanced through addition of other products (such as solvent blends, coatings, ingredients to flavors, etc.). Westerberg and Subrahmanian (2000) defined a class of products where chemical engineers have a distinct advantage when designing them. As examples, they listed among others, a drug to combat Parkinson's disease, a non-fat replacement for cooking oil when frying food, a tape that sticks to a painted surface for a year and then can be removed without pulling off the paint and many more.
The drug design problem indicates the determination of a single chemically stable molecule matching a set of specified target (desired) properties. Cussler and Moggridge (2001) also highlight a number of chemical products of this type, for example, an amine for scrubbing acid gases. Here, and in other chemical product (solvent) design, we are usually looking for relatively smaller and simpler molecules, while, in the case of drugs, pesticides, specialty chemicals, etc., we are looking for large complex molecules. The target propertysize scale of the molecular structure relationships varies with the size/complexity of the chemical product. For example, for solvent design involving relatively small molecules, target properties relate to macroscopic scales while for drug design involving relatively large or very large molecules, target properties relate to mesoscopic and/or microscopic scales.
The design of non-fat replacement for a product such as cooking oil indicates the determination of a molecular structure of the product that will give the desired (target) behavior. This is an example of structured products, where, the product molecular structure is manipulated in order to obtain the desired product behavior. Recently, Wesdorp (2002) provided examples of the design and production of fat-free products such as margarine, where liquid oil (93% of the fat) had been replaced by a calorie free liquid substitute (in this case slightly thickened water) keeping otherwise, the molecular structure exactly the same as the original margarine product. Klientjens (1999) gave examples of other structured (polymer-based) products, such as pharmaceutical products with substituted amino acids, "green" polymers and chiral pharmaceutical products. In these chemical product design problems, the identities of the building blocks used to represent the molecular structure are usually known but their distribution and number in the product are usually unknown. Therefore, because of the special molecular structure-property relationship, the target properties are evaluated at the mesoscopic and/or microscopic scales.
The (product) design of the tape with special properties, indicate the determination of a chemical (or formulation) which when added to the tape, enhances its behavior. In order to find this chemical (or formulation), we first need to identify the target properties that are needed to enhance the specified tape behavior. The chemical (or formulation) in this case may also be called an ingredient. For problems of this type, target property-molecular structure size scale relationship depends on the size and complexity of the specific product whose qualities need further enhancements. If bulk properties were targets, properties estimated at the macroscopic scale would be sufficient. If property distinctions at a higher level were necessary, mesoscopic and/or microscopic scales may be employed unless additional structural information can be provided in order to evaluate the distinctions among the competing molecular structures.
Often, the ingredients come as a solution, representing a N-component mixture of chemicals obtained from a basic set of M > N candidate chemicals. The mixing of chemicals or materials in order to achieve a new and improved product is practiced in many different industries, including paints and dyes, foods, personal care, detergents, plastics and pharmaceutical development. Here, according to Kind (2002) , a specifically chosen mechanism serves to accurately exert the desired product features, which may be classified under performance and convenience. Performance features relate to nutritional value, health and body care, disease prevention, surface protection, coloring, mechanical strength, etc., while convenience features relate to ease of handling, ease of application, absence of unwanted side effects, controlled release of the active substance at the location and instance of maximum effect and minimal environmental impact, etc.
Formulation products with added values may be characterized by the controlled release of the active ingredients, by ease of handling, by improved organoleptic impression, by reliable biological and chemical effect, by triggered activity, by flexible properties and many more. Here, design of the formulated product is closely related to the analysis of the operational properties (properties that define the performance of a product when applied for a specific purpose, such as, the uptake of a pesticide into a plant or the evaporation rate of a solvent from a paint) of the formulated product. That is, does the formulated product actually perform better when applied? Note that the application does not involve a chemical process but is modeled through the same phenomena used in the modeling the operation of chemical processes. As examples, consider the uptake of pesticides from water droplets on a leaf or the delivery of a drug/pesticide through a microcapsule (polymer membrane). In both examples, the model to predict the performance of the formulated product is based on Fick's law of diffusion and consists of a set of partial differential and algebraic equations.
Chemical product design
The design process for a chemical product involves a number of steps through which scientific principles may be applied for the solution of the specified design problem. Cussler and Moggridge (2001) suggest four principal steps in their design process:
• define needs;
• generate ideas to meet needs; • select among ideas; • manufacture product.
As illustrated in Fig. 1 , the second and third steps considered together, represent two types of design problems: molecular design and mixture/blend design, while the first step is considered as a pre-design or problem formulation step, the last step is considered as part of process design problem. The molecular and mixture/blend design problems can be solved independent of the process design problem or as an integrated product-process design problem.
The molecular and/or mixture/blend design (chemical product design) problem can be described through the following generic mathematical representation: 
In the above equations, x represents the vector of continuous variables (such as flowrates, mixture compositions, condition of operation, design variables, etc.), y the vector of binary integer variables (such as unit operation identity, descriptor identity, compound identity, etc.), h 1 (x) is a set of equality constraints related to process design specifications (such as, reflux ratio, operation pressure, heat addition, etc.), h 2 (x) a set of equality constraints representing the process model equations (i.e., mass and energy-balance equations), h 3 (x, y) a set of equality constraints related to molecular structure generation, chemical feasibility rules, mixing rules for properties, etc., g 1 (x) a set of inequality constraints related to process design specifications and g 2 (x, y) a set of inequality constraints related to environmental constraints (for example, toxicity, global warming potential, etc.) and/or special property constraints related to chemical product design (for example, Hildebrand solubility parameter, octanol-water partition coefficient, etc.). Note that the vector of y defining properties included as constraints in g 2 (x, y) may be different than those used in h 3 (x, y). That is, while in h 3 (x, y) they may represent the descriptor identity, in g 2 (x, y) they represent molecules. As they are included in the objective function term and in the constraints (Eq. (7)), the binary variables typically appear linearly and enforce the logical conditions. The term f(x) represents a vector of objective functions that may be linear or non-linear depending on the definition of the optimization problem. For process optimization, f(x) is usually a non-linear function while for integrated approaches, f(x) usually consists of more than one non-linear function. Many variations of the above mathematical formulation may be derived to represent different chemical product design problems and their corresponding solution methodologies. Some examples are given below.
(i) Satisfy only constraint 6. This represents a product design problem solution based, for example, on a database search and generates a list of potential candidates. That is, given a set of compounds and a set of property constraints, determine, which compounds satisfy the constraints. Molecular structure generation is not necessary here. In the case of database search, property models are also not necessary. Otherwise, appropriate property models would be needed. (ii) Ignore the objective function and the constraints represented by Eqs. (2), (3), (5) and (7) and only satisfy constraints 4 and 6. This is a chemical product design problem that generates the molecular structures (or mixtures of molecules) and identifies a set of feasible candidates. Inclusion of constraint 6 means that those generated structures that are found to be feasible on the basis of constraint 4 are further screened on the basis of constraint 6. (iii) Solve a mathematical programming problem that includes Eqs. (1), (4) and (6). This is optimal product design of the molecule and/or mixture, i.e., identifies the optimal candidate. (iv) Only satisfy the constraints 2-7. This generates a feasible set of candidates (products and their corresponding process). Addition of Eq. (3) means that the process model equations also need to be solved, i.e., aspects of product-process design are considered simultaneously. (v) Solve all the equations. This represents an integrated process-product design problem. Again, because of the addition of Eq. (3), the process model equations will need to be solved and the combined problem represents a complex mixed integer non-linear programming problem.
Note that for all problem formulations, properties either need to be supplied (measured or retrieved from database) and/or predicted through appropriate property models.
Problems that include Eq. (3), also has property models included as a set of constitutive models that relates the properties to the intensive variables (pressure, temperature and composition), which are usually the state variables of the process. Most problem formulations will need to use property models and therefore, the application range of any chemical product design methodology also depends on the application range of the property models used. Also, note that purely process simulation and design problems can be formulated through Eqs. (1)- (3) and (5), while Eqs. (2) and (3) may be used also to model the operational properties of a formulated product when it is applied for a specific purpose.
In problem formulations (i) and (ii), an optimal design may be obtained by ordering all the feasible candidates according to the objective function (Eq. (1)) value but there is no guarantee whether this is a local or a global optimal solution. Global optimality, however, can only be guaranteed if and only if all possible compounds were considered in the generation of the feasible set of candidates. On the other hand, problem formulations (iii)-(v), may become too complex to solve if the property model is highly non-linear and discontinuous, although in principle, a global solution could be obtained. Also, the solution approach may not be able to accommodate the use of multiple property models for the same property. In this way, while these problem formulations may be able to determine the optimal design, their application range is usually quite small.
Consequently, for the solution of the molecular and mixture/blend design problems, various approaches varying from empirical trial and error approach (problems (i) and (ii)), to mathematical programming (problems (iii)-(v)) to hybrid methods ((ii)-(v)) can be applied as the solution technique. The applicability of a particular solution technique depends, to a large extent, on the availability of reliable target property models that are able to predict the behavior of the desired products. If the models do not exist, although not the most efficient, empirical trial and error approach based on experimentation is usually the only option. If models are available, mathematical programming or hybrid methods may be preferred as they are able to reduce the number of experimentations and thereby, the time to market the product.
Mathematical programming and hybrid methods are interesting options because they provide the framework to transform the solution technique into computer-aided methods and tools. That is, the molecular design problem can be transformed into a computer-aided molecular design (CAMD) problem while mixture/blend design problem becomes transformed into a computer-aided mixture/blend design (CAM b D) problem. CAMD and CAM b D together may be called computer-aided product design (CAPD). CAPD problem solution, by nature is an iterative procedure (or a cyclic process) as highlighted in Fig. 2 .
Computer-aided molecular design
Problem definition
Computer-aided molecular design (CAMD) problems are defined as:
Given a set of building blocks and a specified set of target properties; determine the molecule or molecular structure that matches these properties. .
In this respect, it is the reverse problem of property prediction where given the identity of the molecule and/or the molecular structure, a set of target properties are calculated. CAMD maybe performed at various levels of size and complexity of molecular structure representation. Most CAMD methods and tools used in PSE/CAPE applications, work at the macroscopic level where the molecular structure is represented by groups (Harper, Gani, Kolar, & Ishikawa, 1999) and/or connectivity indices (Camrada and Maranas, 1999 ). An evolutionary based CAMD method for design of fuel additives has been proposed by Sundaram, Ghosh, Caruthers, and Venkatasubramanian (2001) . Fig. 3 (from Harper et al., 1999) illustrates a typical group-contribution based CAMD method, where the pre-design phase defines the basic needs, the design phase determines the feasible candidates (generates molecules and tests for desired properties) and the post-design phase performs higher level analysis of the molecular structure and the final selection of the product. The post-design phase may also address the question of manufacturing the designed product. CAMD methods based on macroscopic properties are suitable for design of relatively smaller molecules either as chemical products or as additives (or ingredients) for formulated products For design of more complex and relatively larger molecules such as drugs, pesticides and specialty chemicals, molecular modeling based CAMD methods have been reported (Livingstone, 1995) . Structure-based drug design has emerged as a valuable tool in medicinal chemistry where the integration of structure-based methods, virtual screening, and combinatorial chemistry is necessary. As the chemical product design involves molecules of larger size, distinction among isomers and or different molecular structures for the same chemical compound type become more important. Consequently, the molecular structural representation becomes more complex using smaller and smaller scales while the property prediction becomes more specialized.
Method of solution
The main steps of any CAMD method are to generate chemically feasible molecular structures, to estimate the target properties for the generated structures and to screen/select those that satisfy the specified property constraints. Methods employing the generate and test approach perform these steps sequentially, methods employing mathematical programming perform the steps simultaneously while hybrid methods decompose the problem into sub-problems and allow the use of different solution approaches to the different sub-problems. In the text below, a few representative CAMD methods are discussed.
Cabezas (2000) developed a database approach with interactive search for the appropriate solvent where the main tools needed are properties databases, target property estimation systems and a knowledge-based system for guiding the user through the solvent selection and screening steps. Note that because it is based on a search of the database, it therefore does not need to generate molecular structures. Harper and Gani (2000) proposed a multi-step, multi-level hybrid CAMD method that combines group-contribution approach at a lower level and a molecular modeling approach at a higher level. At the lower levels, however, group contributions include first-order as well as second-order groups, that are able to represent the molecular structural differences of some isomers. Venkatasubramanian, Chan, and Caruthers (1995) proposed the use of genetic algorithms with groups as the building blocks for polymer design. Camrada and Maranas (1999) and Duvedi and Achenie (1996) proposed the use of optimization techniques to determine the optimal molecule with Camarada and Maranas employing connectivity indices while Duvedi and Achenie employing groups, respectively, for molecular structure representations. The problems solved with these methods all refer to small (solvent) molecules, although, repeat units of polymers, refrigerants and process fluids have also been designed through these methods.
QSAR based CAMD methods have been developed for design of large molecules. Sippl, Conteras, Parrot, Rival, and Wermuth (2001) recently described the construction, validation and application of a structure-based 3D QSAR model of novel acetylcholinesterase inhibitors. The target was a desired inhibitor activity (a macroscopic property) but the molecular structure that provides the desired target is obtained through study of binding conformation of protein-inhibitor complexes. These methods primarily consider problem formulations of type ii and usually employ the generate and test solution approach. Methods employing optimization techniques (problem formulations of type (iii)) related to complex molecule design have been reported by Moore and Maranas (2000) , who developed a predictive model for DNA recombination for the generation of novel enzymes. Klepeis and Floudas (2000) employed a combination of molecular dynamics and advanced mathematical techniques to protein structure prediction. Other examples of combination of higher-level modeling and molecular design can be found in the papers published in the Journal of Computer Aided Molecular Design.
Issues and needs
Problem definition
Identifying the needs of the chemical product through a set of target properties is a very important first step for all CAMD methods. Hostrup, Harper, and Gani (1999) include this as a pre-design step and propose the use of a knowledge-based system to guide the user in identifying the target properties as well as selecting the corresponding property values. Their examples, however, cover only solvent selection/design problems. Therefore, there is a need to develop knowledge-based systems that may guide the chemical product designer to not only identify the target properties but also to specify their target (goal) values for a large range of chemical product design problems. The selection of target properties should also be closely linked with what can be estimated (and therefore, computed) and what must be measured? The knowledgebased system can help to reduce the number of experiments or to focus on a few specialized measurements from which a number of other target properties may be estimated. For example, if the solvent molecule type for a complex (large Table 1 Number of isomers as a function of number of carbon atoms for different types of molecules (Gani and Constantinou, 1996) Number of carbon atoms Number of isomers for each molecule type 0  4  2  2  3  3  8  3 9  1 8  6 6  3 2  12  1238  355  2281  989  16  48865  10359  93650  38422  20  2156010  366319  4224993  1678969 multifunctional molecule) solute can be identified, then experiments to measure solubility can be concentrated on some representatives of the identified molecular type to generate not only the unavailable property model parameters but also to identify the desired solvent. Note that because of the complex molecular structure of the solute, it is unlikely that the needed property model parameters would be available at the start of the problem solution.
CAMD methods and tools
Assuming that the target properties (the first "define needs" step of Cussler and Moggridge, 2001 ) have been identified and their goal values have been specified, the main issues with all types of CAMD methods are the following:
• How to generate molecular structures?
• How to represent the molecular structure?
• What level of molecular structural information will be used? • How the target properties will be obtained (calculated and/or measured)?
The complexity of the problem may be understood from the numbers of isomers that can be generated as a function of carbon number (see Table 1 ). It can be noted that as the carbon numbers for each molecular type increase, so does the number of possible isomers. So, to address the questions above, one needs to consider very carefully, the molecular structural parameters that would be used to represent the molecules. These same parameters will also need to be used for estimating the target properties. It can be noted that most group-contribution based methods design small molecules and therefore, do not need to handle too many isomers. However, unless the groups are able to distinguish between isomeric structures, these methods would not be able to consider them. Also, since in this case, many different types of molecules are investigated, the number of candidates may still be quite large. The design of large complex molecules, on the other hand, mainly depends on differences in molecular structures of isomers or of molecular conformations of a particular molecular type. Therefore, in this case, molecular structures are represented at the mesoscopic and/or microscopic level and property estimation methods that use these variables are needed. In this case also, the number of candidates is very large because (according to Table 1 ) there may be too many isomers.
The corresponding needs for a CAMD method are the following:
• A tool for molecular structure representation at different scales.
• A tool for molecular structure generation (based on a set of rules that will ensure the generation of feasible chemical structures).
• Tools for analyzing molecular structural stability:
• Tools for target property estimation.
• A tool for property estimation method selection (including identifying which properties can be estimated for which database and/or experimental techniques that need to be used to measure the unavailable data).
• A library of property estimation models (methods and tools) that are particularly suitable for computer-aided applications.
• A method of solution for the CAMD problem (the two inner steps of the design process, see Fig. 3 ).
Since it appears that multiple property models at different scales or levels of molecular structural variables will need to be considered if the isomers and/or multiple conformations are also going to be considered, a communication (link) between lower-level modeling tools and higher-level modeling tools also need to be established. Harper and Gani (2000) established such a link for their hybrid CAMD method. Fig. 4 illustrates how links between lower-level and higher-level property modeling methods can be made and integrated with CAMD tools. The idea is to first establish the molecular type in the search/design through macroscopic properties and then to link the promising candidates to higher-level mesoscopic or microscopic methods for more detailed analysis. One starts with a molecular description at the group level, which is then converted to a two-dimensional atomic representation at the atomic level. This is then passed to molecular modeling software that converts the atomic representation to a three-dimensional model, which is then optimized to obtain the final three-dimensional structure. Once the optimized Fig. 4 . Linkage between group-contribution based CAMD method and molecular modeling software . structure has been obtained, a whole range of descriptors and properties may be estimated.
Recently, two methods for the design of solvents in organic synthesis have been reported. Folic, Adjiman, and Pistikopoulos (2004) propose a CAMD method for the design of solvents for reactions. They use the multi-parameter solvatochromic equation (Abraham et al., 1987) , which correlates the empirical solvatochromic parameter and the cohesive energy density parameter with the logarithm of the reaction constant to identify the solvents that optimize the reaction rate. Gani, Christensen, and Jimenez-Gonzalez (2003) have proposed a method to select appropriate green solvents for the promotion of a class of organic reactions. The method employs estimates of thermodynamic properties to generate a knowledge base of reaction and solvent-related properties that directly or indirectly influence the rate and/or conversion of a given reaction. Solvents are selected using rules based on this set of reaction-solvent-related criteria and a set of solvent-related environmental criteria.
Property models
The influence of property models may be understood through the mathematical problem formulation, Eqs. (1)- (7). It can be noted that the property models directly influence the solution of Eqs. (3), (4) and (6) and, all other equations indirectly. Problem formulations of types (iii)-(v), can use only one property model for a specified target property, while, problem formulations (i) and (ii) may use any number of property models as long as they satisfy the property constraints. Therefore, the application range of the property model is directly related to the application range of the CAMD method since every property model has its limits of application range. Selecting the property model, therefore, implicitly defines the search space and therefore, there is a need to develop property models that can be used reliably outside its boundary of application range (at least for some additional region).
Target properties usually include pure component as well as mixture properties and the selection of the property estimation model(s) raises other issues and needs, for example, uncertainties in property estimations, availability of model parameters and size of the search space. Maranas (1997) has incorporated the uncertainty of property estimation methods within the CAMD problem definition. Another difficulty is associated with unavailable model parameters. If model parameters are not available for a generated molecule and a corresponding property, that generated molecule can no longer be considered as one of the candidates since its properties cannot be estimated. This may eliminate a potentially optimal molecule. The need therefore is to develop property estimation models with fewer parameters but having larger application ranges. In principle, property models suitable for CAMD methods need to be predictive. Therefore, further development of CAMD methods for applications in structured products and formulations is closely related to the availability and usability of the needed property models.
For design of complex molecules where a higher level of molecular structural information need to be considered in order to search among isomers, the CAMD methods usually employ problem specific models based on property-molecular structural relationships. Because the molecular structure plays an important role in the estimation of properties related to the design of these large molecules, QSAR based methods have become quite popular for these 
types of design problems. Properties estimated through parameters obtained from dynamic modeling and/or molecular modeling is necessary when microscopic and/or mesoscopic scales have been employed for molecular structural representations. The need is to develop special quantitative property models based on the data generated from dynamic and/or molecular modeling plus any available experimental data. The property estimation task could be arranged on a hierarchy based on the computational effort and cost related to obtaining a property value. Obviously, the experimental measurement of the property should be at one (high) end and simple, first-order group-contribution methods could be at the other (low) end. The largest number of compounds of different types is handled at the lower end and as one proceeds upwards, the number of compounds of different types decrease but the number of isomers that can be handled increase. In this way, the computationally intensive calculations are saved only for those candidates that have satisfied all other constraints based on the lower-level property models. An example of such a hierarchy is given through the listed properties in Table 2 . Note that even in this approach, the uncertainties of prediction accuracy may eliminate some candidates. On the other hand, the method would systematically move towards the solution, provide useful insights and keep the computational load at a manageable level. Note that if pure component and mixture properties were needed in a CAMD problem, the pure component properties would be estimated first. This would reduce the computational load significantly for the estimation of mixture properties. Also, this may make the mixture property model more acceptable since some molecules that could not otherwise be handled would be removed due to a specified property constraint and not because of unavailable model parameters. Typical pure component (macroscopic) properties are boiling points, melting points, heat of vaporization, partition coefficients, viscosity, surface tension, thermal conductivity, solubility parameter and many more. Typical properties from molecular modeling or quantum mechanics are bond energies, interaction energies, binding energies, etc. When working with large complex molecules, the structural changes in the molecular structure (for example, in isomers) need to be observed in a defined activity or property. Therefore, special QSAR based models are developed and used in design of special purpose molecules (as in Sippl et al., 2001) .
In the area of mixture properties, solubilities of solids, liquids and gases in solvents is a very common target property, mixture viscosities and diffusivity are also quite common for CAMD problems dealing with solvents. Properties related to different combinations of phase equilibrium involving vapor, liquid and solid are quite common. If the solute molecules are not large and complex, macroscopic properties from group-contribution methods are usually sufficient, provided the necessary group parameters are available. For large, complex molecules and or higher-level property modeling, special models based on quantitative structure relationships may need to be developed.
Computer-aided mixture/blend design
Problem definition
Computer-aided mixture/blend design problems can be defined as:Given a set of chemicals and a specified set of property constraints; determine the optimal mixture and/or blend.
Here, we do not know which chemicals to use in the product and in what amount but we know the molecular structures of the candidate chemicals. As stated above, in many product design problems, a formulation (representing a mixture) is added to the product in order to enhance one or more specified properties of the original product. For example, in the case of a formulated product, a specified property (for example, viscosity of a product) needs to increase by an order of magnitude when the ingredient or formulation is added. In other cases, a mixture or blend having a specified set of target properties is the desired product -as in polymer blends, petroleum blends and edible oil blends.
A very wide range of chemical (formulation) product design problems is covered by CAM b D. A few examples are given below:
• Solvent mixture. Consider adding additional chemicals to the original solvent if the cost (of process and/or solvent) can be reduced without having a negative affect on the solvent functional properties, or if multi-functional properties are desired (for example, solvent for one solute and anti-solvent for another solute). Here the important design steps are product design and product test, while, product manufacture is usually not an important issue.
• Minimum cost additive (solvent mixture). Paints and coatings industries need additives (usually solvent mixtures) where target properties include time as a variable (for example, evaporation rate of a solvent). It is not possible to satisfy product needs with a single solvent and therefore, a solvent mixture is sought. In this case, the optimal solvent mixture must satisfy the property constraints and cost lower than any other solvent mixture. Here also, the important design steps are product design and product test, while, product manufacture is usually not an important issue.
• Polymer formulations. Properties and performance of polymer formulations (such as blends, composites, reactive systems, lubricants, plasticizers, etc.) are critically dependent on their structure or morphology but a specific combination of raw materials and processing is required to obtain superior performance. Here, in addition to product design and product test, processing is also an important issue.
• Oil blend. Mixing of crude oils from different locations in order to obtain a specified characteristic in an oil blend is a routine operation in refineries. These are some of the most well defined mixture design problems. Good property models are usually available and the design step (defining the optimal quantities of each oil in the blend) is the most important for these problems.
• Additives in specialty chemicals products. Many complex mixtures (such as tensides, dispersions, flavors, perfumes, etc.) used by the paper, food, cosmetics, agrochemicals, textiles and health care industries, are first manufactured as liquid (complex) products but delivered as emulsions, liposomes or dry granules with well-defined properties.
Here, multi-scale models may need to be used and the design and test steps are the most important:
• Pesticide delivery and uptake. The problem here can be described as, what should be added to a pesticide product so that its uptake into the plant can be increased? Also, for a controlled release of the pesticide, what polymerbased membrane should be used to achieve a desired rate of release? • Drug delivery and/or application. What should be added to a drug so that it forms an emulsion that can be applied on the surface (skin) and that evaporates in a desired rate? Here, the additive compounds should be miscible with each other, should evaporate when exposed and should form an emulsion with the drug (product), which may be a solid.
Methods of solution
Although many of the mixtures/blends product types have existed for a very long time, only limited knowledge and know how exists about a systematic approach to design/ analysis of such formulation (chemical) products. The exception is crude oil blends where the blend design problem is usually formulated and solved as part of optimization studies with respect to marketing, planning and operation. Computer-aided mixture design methods have been developed by Anderson and Whitcomb (http://www.statease. com/pci1199.html) for paint formulations, by Duvedi and Achenie (1997) for refrigerant mixture design, by Sinha et al. (2003) for solvent mixtures and by Klein, Wu, and Gani (1992) for minimum cost solvent mixtures for coatings and paints. Karunanithi, Achenie, and Gani (2004) have proposed an interesting decomposition-based method for design of optimal mixtures.
Issues and needs
Problem definition
For most CAM b D problems, the "definition of needs" in terms of target properties is well documented by the producers of the products. For the development of general-purpose CAM b D methods and tools, however, a database of such problems with respect to problem information (product, target properties, their values, models used, etc.) would be very useful. Development of mixture design methods has not progressed as much as CAMD because of the lack of information on how these problems can be formulated in a general manner and the tools that would be needed to solve them. Also, in many mixture design problems, for many of the target properties little data exist or it is difficult to define variables to characterize them. For example, in food and flavor products, how does one measure and predict taste of food products or how does one measure and predict aroma of cosmetics? It is very difficult to develop CAM b D methods when issues of this type have not yet been resolved. The same is true in polymer blend design. On the other hand, problems related to oil blends (petroleum or crude oils) are well defined and therefore, these kinds of mixture design problems are routinely solved in the oil industry. Solvent design problems could also be formulated in a similar manner and solved with similar tools, although, the property models may be more complex. An interesting distinction between various CAPD problems can be noted from the following product design problem proposed by Cussler and Moggridge (2001) : Find an improved sealant for thermopane windows. The sealant should bond as well as silcone rubber, but should have water permeability at least as small as polyisobutylene. The feasible candidates could be found from (mono) polymers, a CAMD problem or from polymer blends, a CAM b D problem or a polymer with an additive in its structure, a structured (formulation) product.
Property models
One of the most important issues and needs in CAM b D is the availability of appropriate models for the mixture properties of interest. These are functional properties where in addition to composition, temperature and pressure may also have an influence in the mixture behavior. Note that in order to calculate the necessary mixture properties, a set of pure component properties are also usually needed. In the area of crude oil blends, the property models are well developed and therefore, optimization based blend design problems can be easily solved. However, most formulation (product) design problems involve highly non-ideal mixtures and here, either the property models have not yet been developed or require very complex property models that are not easy to implement in a general CAM b D framework. For example, design of polymer blends can certainly benefit when a molecular-thermodynamic model is combined with other non-thermodynamic theoretical relations (Prausntiz, 1999) . The important issues here are the necessary interfaces between molecular-thermodynamics and theory/relations for transport and Gibbs energy of non-equilibrium materials with small composition gradients. Properties related to material morphology and molecular architectures, such as impact strength, brittleness, gas diffusion, lubrication, surface wetting, etc., need to be estimated. Interface between bulk properties of phases and modern microscopic modeling/measurement techniques need to be established.
Although thermodynamic models can be found for prediction of controlled chemistry, models for prediction of properties of structured formulations, colloidal dispersions, emulsions, chiral separations, etc., are not currently available in a form that can be implemented as part of a CAM b D method. The need is to determine suitable interfaces so that they can be efficiently used. The availability of model parameters is an important issue here because most reported thermodynamic models consider only a few systems for which experimental data is available. Therefore, the predictive nature of these models needs to be established and further investigated.
Challenges and opportunities
As illustrated through the "chemical product tree" of Fig. 5 , thousands of products can be obtained from a basic set of starting (raw) materials. Even more products can be obtained if the leafs are considered as ingredients for other products. It is important to distinguish the desired from the undesired products/processing routes. It is also necessary to strengthen the foundation of the tree with fundamental research so that necessary knowledge is available to identify the desired product/process.
In Fig. 5 , only the products from a small set of basic raw materials are highlighted. In principle, we need to consider a number of product trees, each with their raw materials, intermediate products and final products. Not all products (or fruits/leafs) are desired or needed. Most data and models are available for the product/processes in the lower ends of the tree while predictive models hardly exist for the products and processes on the top "fruitful" section of the tree. The challenge therefore is how to identify the raw materials, the intermediates and the final compounds that will make an impact on the final products and formulations? Can we learn from the experiences of a class of products in one tree to design products corresponding to another tree? Klientjens (1999) provided a useful list of challenges in terms of structured material products that adapt their properties to suit their environment or that remember their previous shape. As examples, Klientjens lists some target functions (needs) for these structured materials -materials that contract like a muscle, materials that change in color upon a change in thermodynamic conditions, materials whose viscosity changes when introduced into an electromagnetic field and many more. Realization of these and other challenging products could be achieved by addressing (finding answers to) the following questions and other related questions:
• Can we manipulate the structures of our products at the micro-, meso-and/or macroscopic levels in order to give the product a desired functionality? • Can we produce a desired chemical/biochemical/agrochemical product by finding the optimal reaction and processing path? • Can we a priori identify the products for which an appropriate processing route is achievable?
• How can we validate and test the desired functional properties (such as controlled release) of the product? • How can we enhance the functional properties of products?
• How can the optimal interactions between product and process design be explored? • How can we identify the ingredients (additives) that when added to a product (such as flavors, paints, pesticides, etc.) enhances the functional properties of the product and formulation?
Opportunity for a systematic framework
Much of the current work in product design is carried out through empirical, trial and error approaches involving time-consuming experiments. It is important to capture the knowledge gained from the past experiments and apply them in a systematic manner so that the future efforts will need fewer trials and therefore fewer experiments. In this context, a major effort is needed to understand the molecular structure-property relationships, collect the experimental data, develop the mathematical models, and apply the solution techniques to identify/design new products and processing routes.
Since the chemical product design problems are multidisciplinary in nature, development of a systematic framework based on identified workflow and data-flow for the various inter-related activities would make a significant contribution. The framework needs to consider the human-computer interactions and allow the human to control the workflow while the computer performs tasks that are calculation intensive in the workflow and most of the tasks in the data-flow. In this way, the human concentrates on the tasks he/she can efficiently solve while the computer concentrates on the tasks it is designed for. The systematic framework could serve as the basis for state-of-the-art computer-aided tools utilizing existing databases, mathematical models and efficient solution techniques. Note that while the computer-aided tools will depend on the availability of appropriate models, the systematic framework can be used even if the models are not available.
Opportunity for a computer-aided property modeling system
For computer-aided applications where properties play a leading role, we not only need property models but it should also be possible to transform the property model into an efficient computational tool. Since in CAMD, new molecules and/or molecular structures would be generated, we need purely predictive methods in order to handle these problems. If predictive methods are not used, the solution space would be limited and then we cannot be sure if we really have the best or close to the best product.
In CAM b D, it is not difficult to establish the necessary application range of the property model since the optimal mixture/blend would be determined from the known initial set of chemicals. That is, the property model must be applicable to mixtures formed from this initial set of chemicals. The main difficulty is to find the property models that can reliably estimate the desired (composition dependent) target properties. The models need to have a wide application range with respect to the chemicals. Also, for different chemicals systems (electrolytes, polymer solutions, complex chemicals plus solvents, etc.), different models and model types may be needed. For structured products, specialized data and models that also consider material morphology and molecular structure need to be used in addition to the traditional thermodynamic models. One option could be to use the special models as reference models for data generation that could then be fitted to create problem specific models needed for the formulated CAM b D problem. There is also an opportunity for developing a databased computer-aided phenomena (property) modeling system (see, for example, Kristensen, Madsen, & Jorgensen, 2002) .
In this way, the property models that Wesdorp (2002) does not find for his structured food product design can be created through the data that may be available either as measured or as generated from other combination of (complex) models not suitable for application within the architecture of a CAMD and/or CAM b D tool. An interesting example of converting models for functional properties (such as, controlled release from a microcapsule) of pesticides into truly predictive models is given by Muro-Suné et al. (2004) . Here, the two important parameters of the model, the partition coefficients between the polymer and the pesticide and the diffusion coefficient of the pesticide through the polymer are replaced with group-contribution based constitutive models so that the controlled release can be predicted for different combinations of pesticide and polymer membrane (microcapsule).
Various chemical product design problems need to investigate molecular structure-property relationships at various scales of size and time (Ng, 2001) . For example, in structured products involving polymers, we may need to consider models at microscopic, mesoscopic as well as macroscopic levels. Each of these models serves a specific purpose in the product design problem. The microscopic and mesoscopic models are needed to identify the structural properties where as the macroscopic properties are needed for validation and test purposes where the average bulk properties have a role. An opportunity exists here to provide an architecture (framework) that will allow the integration across time and size scales and thereby, providing a smooth transition of data between the various tasks at the different scales.
Opportunity for flexible solution strategies
The fourth step of the product design procedure (also represented by Eqs. (1)- (3) and (5)) is in most cases applied in a sequential manner, after the completion of the first to third steps. For simple solvent design problems, simultaneous solution approaches for process-product design (represented by Eqs. (1)- (7)) has been recently reported by Hostrup et al. (1999) and Linke and Kokossis (2002) . Mathematical programming approaches incorporating product and process design, while attractive, however needs first to overcome the problem of property models. As pointed out by Gani (2001) , the property models for product design may not be suitable for process design and vice versa. That is, the property model used in Eq. (3) may not be suitable for Eq. (4) and/or Eq. (6) and vice versa for the same set of properties. Also, once a property model is selected for inclusion into the process model, the application range in terms of additional new mixtures (generated by the product design steps) is restricted since for the generated molecules, either the model parameters may be unavailable or the property model may not be suitable. Since in mathematical programming techniques, changing of model equations (included as equality constraints) will cause discontinuities in the solution trajectory, it may become extremely difficult to achieve convergence if multiple versions of models for the same properties were to be used.
Recently, Gani and Pistikopoulos (2002) and Eden, Jørgensen, Gani, and El-Halwagi (2004) proposed the solution of process as well as product design problems as a series of reverse problems. That is decompose the mathematical problem formulation, Eqs. (1)- (7), into two reverse problems where in one case, Eqs. (1)- (3), (5) and part of (7) are solved as one sub-set and Eqs. (4), (6) and part of (7) are solved as another sub-set. Note that solution of Eqs. (4), (6) and part of (7) is well known as the reverse of property prediction because one tries to find the molecule or mixture that matches the specified properties (this is also the second and third steps of the chemical product design problem). In the same way, the fourth step of chemical product design involving the solution of Eqs. (1)-(3), (5) and part of (7) could be regarded as the reverse of the simulation problem, where one tries to find the design parameters (functions of property variables) that match the desired process (and product) specifications, given the raw material and fixed input information. This is feasible if the process models can be reformulated so that the property variables become the unknown variables with the input-output streams and a set of fixed parameters as the known variables. Note that the degrees of freedom of the process model (Eq. (3)) is not changed while considering the output stream variables as known means that some of the process constraints (Eq. (2)) will not be needed since they will be fixed at the desired values. This is possible since the product-process design specifications are usually available in the form of product-process needs. Eden et al. (2004) have shown that solution of this reverse simulation problem does not require the use of property models in the process model equations (Eq. (3)) since the unknown design parameters are functions of the property variables, thereby making it very easy to solve the model equations. Note that compound identities are also not needed to solve the reverse simulation problem. Fig. 6 highlights integrated process-product design through the solution of two reverse problems.
The calculated design parameters from the reverse simulation are first converted from the design parameter-property relationships into property targets and passed to the solver Fig. 6 . Reverse problem formulations for integrated process-product design (Eden et al., 2004) . for reverse property prediction. As long as the property targets are matched, it will not be necessary to solve the reverse simulation problem again. The data-flow between the two reverse problems is as follows: from the reverse simulation problem, design parameters (property values) are passed to the reverse property prediction problem. From the reverse property prediction problem (see also Fig. 6 ), the identities of the compounds (and/or temperature, pressure or compositions, see below) that match the target property values are returned. At this point, all the information necessary to perform a forward simulation (that is, given the input stream, the compound identities and the design parameters, calculate the output streams and verify if the product-process constraints are satisfied) are available. Therefore, the design problem may be solved through the solution of the two reverse problems described above and the forward simulation problem may be used only for purposes of verification and analysis.
This idea can be further extended to include also, the design variables defining the conditions of operation such as temperatures, pressures and compositions. Assume that the component identities are known but not the temperatures and compositions (in order to satisfy the degrees of freedom restrictions, only a specific number of variables can be selected as unknown). The reverse simulation problem is the same as described above. The reverse property prediction problem now determines the temperatures and compositions instead of the molecule identities. This is possible as long as we are working with properties that are functions of temperature, pressure and/or composition (that is, the intensive variables). A simple example is given below.
Consider a process where a contaminant E needs to be removed from a product stream P through a solvent-based single stage extraction process. The flowrate of the product stream and the composition of the contaminant are known.
By simple mass balance, the design parameter, which in this case is the amount of E to be removed and is a function of solubility, can be calculated. That is, the amount of contaminant to be removed with any (feasible) solvent can be calculated without using any model for solubility or knowing the identity of the solvent. This is the reverse simulation problem. Note, however, that the amount of contaminant removed is a function of solubility of the contaminant in the solvent and can be expressed as E/S, where E is the amount of contaminant and S the amount of solvent (or solution, considering E to be in small amount compared to S). Consequently, E/S serves as the target property value for the reverse property prediction (problem type (i) or (ii)), where we simply need to find the solvents that dissolves the contaminant by a quantity greater than E/S. In addition, we could fix the solvent and try to find the temperature at which the solubility would be the highest (indicating also the need for less amount of solvent). Another criterion that could also be added is the solvent loss. The important thing to note here is that while for the reverse simulation problem, a property model was not needed, for the reverse property estimation problem, as many property models (and even experimental data) as desired/available, can be used. This reverse simulation problem is component/property model independent in terms of solution of the model equations.
The advantage of this procedure is that solution complexity is reduced without sacrificing solution accuracy. Also, note that the dependence on property models in mass-and energy-balance calculations has been eliminated (from this step). As long as the target properties (from the reverse simulation step) are matched to some degree of tolerance, any number of property models may be used for the reverse property estimation step. The hybrid CAMD methods (see Fig. 4 ) are designed to handle multiple property models and has the flexibility to design the condition of operation if the compounds are known and vice versa. Note that the reverse simulation problems may also be solved to "define needs" for the CAMD problem and for visual solution of some CAM b D problems, as illustrated through Fig. 7 .
The mass balance equations for a N-component mixing operation can be transformed through three target property functions, C 1 , C 2 and C 3 , into a simple, visual design on a ternary diagram. Each chemical to be considered for mixing can also be represented by the same three target property functions, as also the desired mixture. Plotting all the chemicals and the desired target mixture in a ternary diagram (see Fig. 7 ), it becomes clear that all the feasible binary solutions can be obtained visually by simply drawing lines joining the points of two chemicals and observing if the line passes through the desired target. In a similar manner, ternary and multi component mixtures can also be found. The method is simple, visual and independent of the number of components present in the mixture or the number of candidate compounds (in all cases, the design problem is solved as a function of three target properties). The important issue here is how to select the three target property functions and how to obtain the data representing them. Again, as in the reverse property estimation problem, as long as they are consistent, any number of property models and experimental data can be employed to generate the data.
Another opportunity in developing flexible solution strategies is in the area of formulated products. Here, the design problem is to find a formulation that when added to another product, enhances its function. Thus, the design of the formulation (commonly known as active ingredient) and the testing of the final product need to be performed simultaneously. Take for example, the case of drug delivery, pesticide uptake, polymer blends for specific applications, inhibitors for drugs, elastomers in chemical products and many more. In all these product design problems, models of the application process (phenomena) need to be combined with the search of property-based formulations. In many cases, one starts with modeling of the diffusion process (for example, in drug delivery) and then relates the sensitive parameters for this process to the target properties of the desired active ingredients. The process model in this case is represented by a system of partial differential-algebraic equations where a number of the terms are represented by properties such as diffusion, thermal conductivity, viscosity, etc., for which property models (or constitutive models) need to be introduced. The difficulty in solving these problems in a general manner is that the property model may be valid only for a certain range of conditions and/or mixtures. The other difficulty is that the models may be complex, requiring higher levels of molecular structural information. Therefore, multi-level and multi-scale modeling approaches need to be considered together with an optimization strategy to identify the best formulation. Again, a decomposition of the problem into reverse problems may be a more pragmatic and flexible way to solve these product design problems.
Opportunities in process modeling
Once the CAMD and CAM b D problems have been solved and the solutions analyzed, the process design problem (manufacturing the product with an appropriate process) is formulated and solved. This is a typical process design problem. In the above discussion, the case for an integrated approach for the product-process design has been made. However, for many of the problems related to the manufacture of formulated products, challenges and opportunities exist for the PSE/CAPE community, especially in the area of process modeling. Here, multi-scale modeling and integration of property models of different types within process models are two topics worth investigating as availability of models will lead to improved systematic methodologies for productprocess design. In addition, rapid predictive cost evaluation (capital, materials and operating) could be an important CAPE challenge, as lack of systematic methodologies may mean that the evaluation process will come too late and consequently, it could be wrongly concluded that an apparently excellent product (molecule or mixture) cannot be manufactured sustainably within the target costs. Cordiner (2004) has discussed some of the challenges and opportunities in modeling formulation manufacturing processes. To meet these challenges, new modeling tools as well as greater understanding of the involved phenomena will be needed.
Conclusions
A search of the world wide web using keywords such as "product design" and "formulations" and "mixture design" listed hundreds of companies who are actively involved in developing new chemical products and researchers who are developing new methods to estimate different target properties. A wealth of knowledge therefore exists to use as a basis for the development of a systematic framework. A systematic framework is also important because of the multidisciplinary nature of the chemical product design problem. The systematic framework and through it the PSE/CAPE community, can be the "glue" that puts everything together. It should also be possible for the systematic framework to capture past experiences in order to provide better guidelines for future chemical products.
Traditionally, the PSE/CAPE community has been a user/implementer of property models in various computeraided application tools. For the current and future products, however, the PSE/CAPE community will also need to be a developer of property models that are specially suitable for computer-aided applications. It is necessary to work together with chemists, other property model developers, process engineers and others in order to develop a new class of computer-aided methods and tools that is systematic but flexible, that is simple but accurate and most importantly, that can "create" the necessary models for a given problem. Models play a very central and important role in the solution of all computer-aided product design problems. Obviously, without the appropriate models, the computer-aided system will only have limited application. Therefore, it is necessary to develop computer-aided modeling systems that can contribute to the modeling needs for CAPD problems.
Finally, it should be emphasized that CAPE/PSE does not design the optimal chemical product but provides the methods and tools through which they may be identified, designed and manufactured. Therefore, although contributions alone from the PSE/CAPE community may not produce the magic chemical product, they will certainly help to find the magic solution, especially, in terms of getting the product faster and cheaper to the market.
